The response of seepage meters was evaluated in a nearshore marine environment where water motion effects are more pronounced than in lake settings, where these meters have been used traditionally. Temporal and spatial variations of seepage, as well as potential artifacts, were evaluated using empty and 1000-ml pre-filled bag measurements. Time-series measurements confirmed earlier observations that anomalously high fluxes occur during the early stages (c10 min) of collection. As deployment times increased (30-60 min), measured flow rates stabilized at a level thought to represent the actual seepage flux. Pre-filling the plastic measurement bags effectively alleviated this anomalous, short-term influx. Reliable seepage measurements required deployment times sufficient to allow a net volume of at least 150 ml into the collection bag. Control experiments, designed by placing seepage meters inside sand-filled plastic swimming pools, served as indicators of external effects on these measurements, i.e. they served as seepage meter blanks. When winds were under 15 knots, little evidence was found that water motion caused artifacts in the seepage measurements. Tidal cycle influences on seepage rates were negligible in the present study area, but long-term temporal variations (weeks to months) proved substantial. Observed long-term changes in groundwater flux into the Gulf of Mexico correlated with water table elevation at a nearby monitoring well.
Introduction
The flow of groundwater into lakes and streams has been widely recognized and studied for many decades (McBride & Pfannkuch, 1975; John & Lock, 1977; Lee, 1985; Shaw et al., 1990) . Little attention has been paid to groundwater discharge as a potential source of dissolved constituents to the oceans, due to the large dilution factor and the difficulty in measuring this discharge. Studies have shown, however, that groundwater may contribute to the ecological character of estuaries and coastal waters. Biological zonation in Biscayne Bay, Florida, for example, was shown by Kohout and Kolipinski (1967) to be controlled, in part, by groundwater discharge along the bay shore.
Freshwater inputs to the ocean by groundwater discharge will vary from region to region based on climate, soil and sediment hydraulic conductivity, and the hydraulic head of the underlying aquifer. Estimates of the global magnitude of submarine groundwater discharge (SGD) have been attempted by various water balance calculations which include assessments of precipitation, runoff and aquifer volumes (Nace, 1970; Garrels & MacKenzie, 1971; Zektzer et al., 1973) . The main disadvantage of this type of estimation is the imprecision associated with subtracting large quantities to obtain the relatively small SGD flux by difference. Furthermore, systematic quantification of submarine groundwater discharge by direct measurements within local regions of interest is rare. Without reliable estimates, the overall role that SGD plays in the world's hydrologic cycle, or even its importance to regional nutrient cycles, cannot be adequately addressed.
A simple, inexpensive method was developed in the 1940s as a means of measuring aquifer recharge rates from irrigation canals and other standing bodies of water (Israelson & Reeve, 1944) . However, this method for making direct measurements of seepage has received relatively little attention in the marine science community. Although improvements have been made over the years, the basic seepage meter still consists of the top or bottom section of a standard 55-gallon drum with an open port placed near the rim to attach a plastic water collection bag. The volume of water that enters the bag over a known time and area yields the seepage rate (Lee, 1977; Lee & Cherry, 1978; Shaw & Prepas, 1989) . Although the initial work with these meters used empty 4-l plastic bags to estimate the magnitude of groundwater flow into specific areas, Shaw and Prepas (1989) demonstrated the importance of pre-filling these bags to prevent artifacts. These artifacts are associated with a shortterm, anomalous influx caused by a hydraulic gradient created when an empty bag is attached to the meter. This hydraulic gradient occurs as the plastic bag expands and draws in water that is not associated with seepage. Apparantly, the expansion is related to mechanical properties of plastic bags, and can result in significant artifacts in calculated seepage rates.
Reliable flux measurements of water and dissolved constituents are important to understanding of the processes associated with groundwater seepage into the coastal ocean. Limited research has been performed with seepage meters in coastal zones where tides, wind and waves might affect the measurements or possibly the flow itself (Lee, 1977; Bokuniewicz, 1980) . Belanger and Montgomery (1992) used testtank evaluations to compare measured seepage rates to the actual (calculated) seepage flowing through tank sand, and found a 0·77 ratio between measured and actual flux. Their discrepancy was attributed to flow field deflection and frictional resistance along the inner walls of in situ seepage meters (Erickson, 1981; Belanger & Montgomery, 1992) . Earlier test-tank experiments by Shaw and Prepas (1989) resulted in the description of the short-term, anomalous influx of seepage into plastic seepage bags. As numerous laboratory tank tests have now been performed to assess the ability of seepage meters to measure seepage flow, the present authors decided to assess the reliability of seepage meters in an actual field situation where external influences cannot be controlled. Therefore, the authors' main purpose in presenting these data is to demonstrate how seepage meters may be used in a dynamic nearshore marine environment.
Field site and experimental techniques
The north-eastern coastal Gulf of Mexico, where the study site is located, is well known for its submarine spring flow (Hendry & Sproul, 1966; Rosenau et al., 1977) and is a likely area for significant regional and localized groundwater seepage (Figure 1 ). The study area lies within the Woodville Karst Plain, which extends from about 80 km inland to the coastal zone of Florida State University Marine Laboratory (FSUML) at Turkey Point, Florida. In this karst terrain, dissolution of carbonate rock creates direct conduits for deeper supplies of groundwater to exit the aquifer system by seepage or springs. In addition, because hydraulic conductivity is high in the sandy soil above this limestone bed, the surficial, unconfined aquifers on land should be significant contributors to seepage discharge. Potentiometric surface maps of the area indicate several points where groundwater flows offshore, including the study area near FSUML between Apalachicola and Lighthouse Point, Florida (Wagner, 1986) . A total of 17 seepage meters were used for experiments conducted in the shallow nearshore waters surrounding FSUML where a large portion of the silty-sand bottom sediments are covered by the seagrass Thalassia testudinum. However, transect seepage meters placed close to shore were generally in a well-sorted mixture of mud and sand where seagrass was not present. Although the hydraulic conductivity of the sediments in this region was not measured, the expected range in hydraulic conductivity for this type of sediment lies between 10 7 and 10 5 m s 1 (Freeze & Cherry, 1979) . For the first series of experiments, nine seepage meters were pushed into the seagrass beds at three locations, with each test area (Areas 1, 2 and 3) consisting of two to four seepage meters placed up to 150 m apart. In addition, a 500-m-long seepage meter transect was installed perpendicular to the shore to evaluate the flow of groundwater with increasing distance from shore. Water depths at the transect and within the test areas ranged from 0·5 to 2 m, and normal salinity for this tidal region was about 28, although ranges were observed from 20 to 30. The mean tidal range at Turkey Point, Florida is 0·58 m.
The seepage meters used in this study were modified slightly from those described by Lee (1977) and consisted of the top or bottom 15 cm of a 55-gallon steel drum placed open-end down about 10-13 cm into the sediments ( Figure 2 ). All meters were twisted and pushed into the sediment, with sediment packed firmly around the sides to inhibit leaking. All seepage meters were tilted slightly with the open port on the higher side to allow sediment gas to escape when the meters were not being used. Measurements were initiated at least 24 h after the meters were installed to allow equilibration with the surroundings. A small (0·9 cm inner diameter) threaded port on the top of the meter allowed a 4-l plastic bag to be attached via a matching valve connected to the plastic bag. Measured water volumes collected in the bag over a known time and area (0·255 m 2 ) yielded a seepage rate for that location. Generally, the seepage meters were placed at a site and left for 2-6 months with the ports open to flow when not in use.
Time-series measurements of seepage rates were designed to determine the significance of the anomalous, short-term influx (Shaw & Prepas, 1989 ) in a coastal environment. Empty bag measurements were collected from each seepage meter starting with 1-3 min measurements and continuing for progressively longer time intervals of up to approximately 125 min. Assuming seepage rates remained the same during the experiment, a linear relationship should develop between the volume of water measured and the elapsed time. Thus, the calculated seepage rate should be the same for any collection time interval. However, if the rate was initially high and dropped with increasing measurement time intervals as suggested by the Shaw and Prepas (1989) test-tank observations, one should observe an asymptotic trend decreasing over time toward the true seepage rate.
Control experiments were designed by deploying a small (1·5 m diameter), sand-filled child's plastic swimming pool in these nearshore waters and embedding a seepage meter inside the pool. Since the bottom of the pool acts as an impermeable barrier to prevent the flow of groundwater seepage from entering the meter chamber, any water measured entering the plastic bags of pool emplaced (control) meters must be considered an artifact. This artifact, which could be caused by either external wind, water motion or the ' Shaw-Prepas effect ', would demonstrate the approximate background associated with marine seepage measurements. The present authors conducted both empty and 1000-ml pre-filled bag measurements for both the control and experimental meters at a number of sites to evaluate artifacts associated with the measurements.
The swimming pool control experiments were set up together, with three out of five seepage meters arranged in a transect perpendicular to the shore. A control meter was placed at every other station along the transect, which extended about 500 m offshore in water depths that ranged from approximately 0·5 m closest to the shore to about 2 m offshore. As seepage rates are thought to be higher in the zone nearest to the shore, and because these nearshore measurements might be more susceptible to water motions due to wave ' pumping ' of the plastic bags, it is particularly important to evaluate any artifacts which occur in this situation. Three to five seepage measurements were taken at each meter in the transect over the course of a 7-h field day, and plots of seepage rate vs distance from shore are shown as the mean seepage measurement for the day with an associated standard deviation.
Results and discussion

Time-series experiments
Results from time-series experiments using empty bags at eight seepage meters and one control meter are shown in Table 1 . The location for each meter is described by the test area (Area 1, 2 or 3; see Figure 1 ) and the meter identification number within that test area. The slope of the volume (ml) vs time (min) plot represents a seepage velocity at that particular seepage meter location [e.g. Figures 3(a) and 4(a)]. When individual calculated seepage rates are plotted vs measurement time, one typically observes an initially high rate (the ' Shaw-Prepas effect '), followed by a declining trend towards a stable value as the initial inflow becomes volumetrically unimportant. The ' stabilized ' rates which are given in Table 1 were estimated from the seepage rate vs time plots [e.g. Figures 3(b) and 4(b) ]. Although the calculated rates between seepage meters showed a large range, from less than 3 to 145 6 ml min 1 m 2 , most rates fell in the relatively narrow range from 10 to 25 ml min 1 m 2 . The magnitude of the positive intercept on the volume axis in all plots demonstrates the significance of the short-term anomalous inflow. Longer measurement periods at a constant flux reduce the importance of the short-term influx.
Two sets of time-series plots from Table 1 are presented to illustrate the observed trends in these data. Each plot shows both volume (ml) and seepage flux (ml min 1 m 2 ) measurements vs time (min). Meter 3/8 (i.e. Meter 8 in Area 3) (Figure 3 ) deployed directly next to the control meter (Meter 3/9) ( Figure  4 ) was typical of these experiments. In addition to a least squares linear regression through the volume vs time plots, an interpolation curve has been drawn through the data points in the rate vs time plots to demonstrate where the approximate stabilized or ' true ' rate appears for each experiment. Meters with relatively high seepage flux, such as 3/8, tended to stabilize in about 30 min (Figure 3 lower fluxes required a correspondingly longer time to stabilize. These data clearly indicate that measurement time intervals should be adjusted depending upon the flow rate for the best results. In general, rates seem to stabilize when collection volumes in the plastic bags were greater than 150 ml. An anomalous, short-term influx was observed in every case when using empty bags to measure groundwater seepage. In principle, the ' stabilized ' rate should be close to but still somewhat higher than the true seepage rate, since the initial inflow becomes less important as the measurement time increases but does not disappear. The present results confirmed that relationship (Table 1) . In each case, the calculated seepage rate from the volume vs time plot was the same or lower than the ' stabilized ' rate found from plotting seepage rate vs time. In general, a smaller error will be expected when measuring large flow volumes associated with high flux measurements. This relationship is borne out by those results which show 5-10% errors for most of the measurements, while the error increases dramatically at very low seepage fluxes (c5 ml min 1 m 2 ). In addition, non-systematic sources of error (leaks in the collection bag, small erosion holes around the meters, etc.) occur, which may affect the results if these leaks go unnoticed. For example, the difference in the calculated seepage rates for Meter 3/7 on 24 September and 11 October 1991, may be due in part to these types of external errors (Table 1 ). The authors feel that the extremely high measurement in September must have been an artifact of some kind, because it is completely inconsistent with all other measurements and it is the only data set that produced a negative volume intercept.
Three time-series measurements with pre-filled (1000 ml) bags were also collected at Meter 3/8 (Figure 3) to assess how the difference in measurement time would influence the short-term influx for this situation. Apparently, the anomalous inflow was effectively alleviated under these conditions since the mean pre-filled bag rate (18·6 3·8 ml min 1 m 2 ) was identical within measurement error to the rate based on the time-series calculated rate [22·2 0·9 ml min 1 m 2 ; Figure 3(a) ]. Caution should be exercised for short-term measurements using prefilled bags, however, because the actual increase in the volume of water to be measured may be small relative to the pre-filled volume. This effect was evident at Meter 3/8 (Figure 3 ) when the measured net volumes were less than 100 ml, and the pre-filled bags gave the false impression that the seepage rate increased with time. When the time-series measurements were conducted using the control meter, the short-term influx was obvious again (Figure 4) . The initially high rates in this meter, which had an impermeable barrier to prevent any actual seepage, confirms that the influx occurs in response to some artifact. Using empty bags, the calculated seepage rate obtained from the slope (3·4 0·9 ml min 1 m 2 ) is close to the stabilized rate for the longer time intervals of about 5 ml min 1 m 2 . The experiment demonstrates that an empty bag placed on a seepage meter may draw in a relatively large volume of water and continue to draw in some, albeit small, additional volumes even without any actual seepage flux. This non-seepage inflow apparently continues at a progressively lower flux, and the calculated rate decreases throughout the control experiment (Figure 4) as this inflow diminishes, just as demonstrated by the experimental meter (Figure 3) . The pre-filled bags used in this control experiment displayed a mean seepage rate (0·7 0·8 ml min 1 m 2 ) within measurement error of the known rate, zero. These results show that, although an anomalous influx indeed does occur, its effects can be minimized if pre-filled bags are used or if empty bag measurements are collected over a sufficient amount of time. In areas of low groundwater seepage, empty bag measurements will be influenced more significantly by this effect, and it would be prudent to pre-fill bags prior to initiating a seepage measurement. As seepage rates vary both temporally and spatially, it is recommended that preliminary measurements using 1000-ml pre-filled bags be made to estimate the approximate magnitude of seepage and the most suitable measurement times before extensive measurements are begun.
Transect experiments
A second series of experiments was performed with controls at three of the five stations along a 500-m seepage meter transect. Seepage results using 1000-ml pre-filled bags from meters deployed along the transect during two different sampling periods show that in August 1992, the seepage meter closest to shore displayed a mean rate of 190 50 ml min 1 m 2 , while the control meter yielded a mean rate of 11 16 ml min 1 m 2 ( Figure 5 ). The seepage decreased exponentially offshore to 56 16 ml min 1 m 2 at 300 m, and no measurable seepage was found 500 m from shore. Both the control meters at 300 and 500 m yielded fluxes within measurement error of zero seepage. Ten months later in June 1993, the same seepage meter at 100 m produced a significantly lower rate of 86 1 ml min 1 m 2 , while the corresponding control meter also showed a reduced rate of 2 1 ml min 1 m 2 relative to the previous year. Seepage rates measured at 300 m were correspondingly lower than in 1992 at 4 2 ml min 1 m 2 for the experimental meter and 2 0·2 ml min 1 m 2 for the control. At the site farthest from shore, the apparent seepage rate increased slightly from the prior year to 5 1 ml min 1 m 2 , while the control meter remained within the measurement error of zero seepage.
The results from the control experiments at the transect indicated that the seepage meters appeared to perform well even in shallow water depths where water motion effects are more pronounced. The authors observed that the seepage measurement bags tend to move back and forth with water movement, and that measurements were more erratic (high standard deviation) in weather where winds exceeded 15 knots. Although wave pumping of collection bags can cause some artifacts, it should be less important in areas where the flux of seepage is high. These results confirm the suggestion of Shaw and Prepas (1989) that only a small potential for artifacts existed in seepage meter measurements when pre-filled bags were used.
The ' swimming pool ' experiments appeared to serve as useful controls. However, since the meters were placed inside sand-filled pools, they sat about 10-15 cm higher than the neighbouring seepage meter located in the surrounding sea bed. Therefore, the outside influences of water motion may be amplified in the control meter. In addition, the hydraulic conductivity of the sand in which each control meter was placed is higher than the finer silty-sand of the nearshore sediments. This higher hydraulic conductivity will also amplify background water flux measurements into the control seepage bags. Despite these possible pitfalls, the control meters generally yielded low background effects and provided some confirmation that the seepage meters were not simply responding to water motion.
Temporal variations
In an effort to evaluate whether any discernible shortterm seepage variations existed, a tidal cycle experiment was performed on 27 June 1992, to test the influence of tidal fluctuations on the seepage rate. A piezometer was placed in the sediments next to Meter 3/8, and a manometer was used to measure the hydraulic head every 15 min for 18 h. Meter 3/8 seepage rates were measured at 60-120 min intervals during this period. Although the seepage rate varied (11-23 ml min 1 m 2 ) with a mean of 17·7 4·2 ml min 1 m 2 , the changes were neither systematic nor synchronous with the hydraulic head variations (range of 0·9-5·7 cm with a mean of 5·4 0·7 cm). These findings are in contrast to those of Lee (1977) who found a correlation between tidal stage and seepage at the Duke Marine Laboratory in Beaufort, NC, U.S.A. This difference may be due to the relatively higher tidal range which is about 1 m at Beaufort, whereas it is only about 0·5 m at Turkey Point. Since diurnal tidal cycle variations do not seem to be important in this area, the authors usually collect three to five seepage measurements at each location per day and calculate a mean daily seepage rate for that site.
Although seepage rates did not change significantly over a tidal cycle, large changes were observed over longer time scales (i.e. Figure 5 ). Seepage rates dropped by more than 50% in the summer of 1993 compared to those measured the previous year at the same transect. To examine this effect further, longterm temporal changes in seepage measured at Meter 3/8 were compared to the 1992 water table elevation measured at a U.S. Geological Survey monitoring well in Sopchoppy, FL, U.S.A. located approximately 15 km from the field site (the closest monitoring station available). When the daily water table height and the average seepage rates were plotted vs time (Figure 6 ), similar patterns were observed. During the spring months when precipitation was lower, the measured seepage rates and water table heights were also low. As the water table elevation increased throughout the summer, a complementary rise in seepage rates was observed. Although seepage measurements were discontinued at this station during the autumn of 1992, other results from this area concerning long-term temporal variations support these associations (Burnett et al., 1994) . They have shown that precipitation is directly correlated to measured seepage rates in this area. Closer monitoring wells or piezometers could assess variations in hydraulic head and groundwater seepage on shorter time scales, and work already in progress at the same site to better understand the relationship between the aquifer on land and seepage offshore includes piezometers at this site.
Summary
These results from seepage meter deployments in the coastal Gulf of Mexico are summarized as follows:
(1) The water depth does not affect seepage measurements significantly, and the combined effect of waves, wind and currents on seepage meter measurements can be identified using control meters. Errors in plastic bag measurements can be minimized by adjusting the measurement time to allow collection of greater than 150 ml of water.
(2) Although these results suggest that the most dependable measurements of groundwater seepage should be based on 1000-ml pre-filled collection bags, these experiments suggest that seepage meters deployed in this type of environment may not be sensitive enough to measure rates below about 5 ml min 1 m 2 . (3) Pre-filled bags reduce measurement artifacts, since the short-term influx is effectively alleviated by this technique. The authors believe that the optimum approach, at least for an area where seepage appears to be relatively constant over 24-h periods, is to take numerous measurements of sufficient duration using pre-filled bags during a day, and average these results.
(4) Seepage measurements reported in this paper demonstrate that significant, measurable quantities of groundwater are entering the coastal zone of the north-eastern Gulf of Mexico by seepage through sediments. In addition, seepage rates have been shown to vary on time scales consistent with and parallel to water table patterns in the area. 
